Chemical and physical properties of metal nanoparticles (NPs) are determined not only by the synthesis method used to prepare them, but also by the experimental conditions under the generation process takes place. One of the most important factors in the synthesis of NPs is the presence of complexing agents in the media that can change the size and shape of the NPs. The 
Introduction
Metal NPs exhibit a large range of optical, chemical, catalytic, electrical and magnetic properties due to finite size effects, making them really useful in completely different fields. [1] [2] [3] [4] [5] [6] [7] [8] These properties can change as function of the metal, size, shape or number of components of the NPs and are different from the bulk or their constituents because the surface of the NPs are structurally and compositionally different. [9] Synthesis of metal NPs can be accomplished by different methods, such as chemical reduction, [10, 11] seed-mediated, [12] photochemical, [13] electrochemical, [14, 15] sonochemical, [16] lithography, [17, 18] galvanic replacement, [19] thermal evaporation, [20] radiolysis, [21] sol-gel, [22] laser ablation, [23, 24] chemical vapor deposition, [25] microwave assisted [26] and biological assisted. [27, 28] The selection of the synthesis method, concentration of the reagents and other experimental parameters such as pH, temperature, etc., allows us to obtain NPs with specific size and shape. The control of all these factors determines the particular chemical and physical properties of the obtained NPs. In particular, electrochemical method enables the control of the deposition process, as the manner that slight changes of intensity current, applied potential, electrodeposition time, electrode material, kind or concentration of supporting electrolyte or salt precursor electrolyte can produce significant modifications in the properties of generated NPs.
In the specific case of AgNPs, there is a substantial literature on their catalytic, [29] electrochemical, [30] optical [31] and antimicrobial [32] properties that make them particularly interesting in catalysis, electronic and sensors fields. [33] [34] [35] [36] Although the synthesis of AgNPs has been studied in the presence of several complexing ligands, [37, 38] Raman spectroelectrochemistry offers a unique factor in the in-situ study of this process due to SERS effect is closely related to the properties of the substrate generated, an aspect that can determine the usefulness of AgNPs as 6 a SERS substrate. [39] [40] [41] [42] [43] [44] [45] Taking into account that Raman spectroscopy is one of the most powerful techniques in the detection and characterization of a huge variety of systems, [46] [47] [48] [49] [50] the combination of this spectroscopic technique with an electrochemical response provides information of different nature in a unique experiment. Furthermore, UV-Vis absorption spectroelectrochemistry is one of the few techniques that allows the in-situ study of the electrogeneration of metal NPs. [51, 52] In this work, the role of different complexing agents (cyanide, ethylenediaminetetraacetic acid and ethylenediamine) in the electrogeneration of AgNPs has been analyzed. SERS effect of AgNPs formed by cyclic voltammetry in presence of these markers has been studied by timeresolved Raman spectroelectrochemistry. This technique provides dynamic information that allows us to understand the processes that occur on the electrode surface during the whole experiment, and not only at selected potentials. Furthermore, combination and comparison of Raman and UV-Vis absorption spectroelectrochemistry data offer a more detailed view of the electrodeposition process, the morphology of AgNPs electrogenerated as well as SERS effect produced by the nanostructures formed on the electrode surface.
Material and methods

Reagents
Silver nitrate (AgNO 3 , Aldrich), potassium cyanide (KCN, Panreac), ethylenediamine (en, Merck), ethylenediaminetetraacetic acid (EDTA, Merck) and potassium nitrate (KNO 3 , Merck)
as supporting electrolyte, were used as received. All chemicals were analytical grade. Aqueous solutions were freshly prepared using ultrapure water (18.2 MΩ cm resistivity at 25 °C, Milli-Q Direct 8, Millipore).
Instrumentation
All electrochemical measurements were carried out at room temperature using a potentiostat/galvanostat AUTOLAB PGSTAT 20 electrochemical system. A standard threeelectrode cell was used in all experiments, consisting of a Pt working electrode (WE), a Pt wire as counter electrode (CE) and a homemade Ag/AgCl/KCl (3 M) as reference electrode (RE).
Before Ag electrodeposition, the Pt working electrode was polished to a mirror finish using alumina slurries with different powder size down to 0.5 μm. Next, the electrode was thoroughly rinsed with ultrapure water and sonicated in ultrapure water in an ultrasonic bath for 15 min to remove any absorbed substances on the electrode surface.
Raman spectroelectrochemical cell, illustrated in Figure S1a This design of the cell also guarantees the flatness of the solution needed for Raman measurements. Raman spectra were obtained using a Confocal Raman Voyage (BWTEK). A laser wavelength of 532 nm with a power of 5 mW was employed to obtain the spectra, using a 20× objective. Figure S1b Scanning electron microscopy (SEM) was performed using ESEM QUANT 200FEG microscope.
Results and Discussion
Different complexing agents were selected to study their influence in the AgNPs 
AgNPs electrodeposition in presence of cyanide.
The electrodeposition of AgNPs in presence of cyanide was previously studied by timeresolved Raman and UV-Vis absorption spectroelectrochemistry. [51] Here, we show similar results in order to understand the relationship between Raman and UV-Vis responses and to compare the role of different complexing agents in SERS effect.
AgNPs electrodeposition and their redissolution was performed by cyclic voltammetry, scanning the potential from 0.00 V to -1.00 V and back to 0.00 V at a scan rate of 0.01 V s -1 in a 4.8×10 -3 M AgNO 3 solution that contains 0.4 M KNO 3 as supporting electrolyte and 2.8×10 -2 M KCN as complexing agent. As can be noticed in Figure 2 , cyclic voltammogram shows a very small reduction peak around -0.60 V during the cathodic scan, which could be related to the silver underpotential deposition. However, the highest reduction peak is observed at -0.77 V, when Ag + in solution is reduced. In the anodic scan, the voltammogram shows a broad anodic peak around -0.48 V related to the oxidation of AgNPs. [55, 56] emerges during the reduction process.
Time-resolved Raman
spectroelectrochemistry allow us to analyze the evolution of the υ(C≡N) band with potential ( Figure 3b ) during the electrodeposition experiment. Figure 3b shows that cyanide Raman band is not observed from 0.00 V to -0.60 V due to AgNPs formation does not start, and therefore, SERS substrate is not generated. At -0.62 V Ag + reduction starts, SERS substrate is formed and consequently, Raman intensity of CN -band increases. The intensity of this band increases at negative potentials, reaching a maximum at the end of the forward scan. During the backward scan, the intensity decreases from -1.00 V to -0.78 V because the properties of the AgNPs generated are changing, and SERS substrate is modified. From -0.78 V to -0.60 V, Raman intensity increases due to the metal substrate acquires better characteristics for SERS effect.
However, from -0.60 V downwards the intensity of the band decreases abruptly due to the oxidation and redissolution of AgNPs.
The same experiment was carried out by time-resolved UV-Vis absorption spectroelectrochemistry, allowing us to study the characteristic plasmon band of AgNPs. Figure   3c shows UV-Vis absorption spectra recorded during the electrogeneration of AgNPs on the electrode surface. From 0.00 V to -0.80 V (Figure 3c ) a broad plasmon band centered on 520 nm begins to grow indicating that polydispersed spherical NPs are growing. At more negative potentials than -0.80 V, two different plasmon bands are distinguished, one centered at 430 nm, related to the transversal dipole resonance and another that red-shifts with potential due to the longitudinal dipole resonance, [57] indicating not only a change in size but also in shape of NPs.
From the shape of the plasmon band at -1.00 V (green line in Figure 3c ) and evolution of plasmon band at 430 nm with potential (Figure 3d ), we suggest that AgNPs changes from spherical shape to other different asymmetrical shape. [58, 59] 
AgNPs electrodeposition in presence of ethylenediaminetetraacetic acid (EDTA).
AgNPs electrodeposition was also performed in presence of EDTA by cyclic voltammetry, with potential is illustrated in Figure 5c . When Ag + reduction starts at +0.28 V (green segment in Figure 5a ) the Raman intensity of this band increases (green segment in Figure 5c ), reaching a maximum of intensity at +0.28 V (purple segment in Figure 5a ) during the backward scan (purple segment in Figure 5c ). From this potential onwards (red segment in Figure 5a ) a first oxidation step takes place, provoking the decrease of the Raman intensity (red segment in Figure   5c ). After this first oxidation step, the highest oxidation peak is observed in the voltammogram (yellow segment in Figure 5a ), although it does not produce changes in the Raman intensity at 710 cm -1 (yellow segment in Figure 5c ). Hence, the loss of SERS properties of AgNPs takes places in a first oxidation step (+0.35 V) instead of during the second and well-defined oxidation process (+0.52 V). Evolution of the maximum of absorbance of the plasmon band, recorded during the UV-Vis absorption spectroelectrochemical experiment, is illustrated in Figure 6 . This figure shows that the maximum of the plasmon band is shifting with potential, allowing us to conclude that the properties of the AgNPs are changing during the experiment. Initially, any plasmon band is distinguished in UV-Vis spectral region (blue segment in Figure 6b ). Only when the growth of AgNPs begins, around +0.28 V, a plasmon band centered at 400 nm evolves (green segment in Figure 6b ). This maximum shifts from 400 nm to longer wavelengths, higher than 1000 nm, the upper limit of the wavelength range reached with the spectrophotometer, being not possible to determine the exact value. In the backward scan, only from +0.46 V onwards, the plasmon band is centered in the visible region of the spectrum (yellow segment in Figure 6b ), just when AgNPs starts to be redissolved. Finally, at the end of the anodic scan, the potential is high enough to completely oxidize AgNPs, redissolving all NPs on the electrode surface. Therefore, when
AgNPs disappear, SERS effect is also extinct.
Analysing UV-Vis spectra evolution, two absorption bands are observed in presence of EDTA when SERS effect is observed, one around 400 nm and other at wavelengths longer than 1000 nm, denoting asymmetrical nanoparticles. Position and intensity of the plasmon band is potential dependent, indicating that the shape of AgNPs is changing during the electrochemical synthesis. 
SEM characterization
In order to characterize SERS substrates, SEM images of AgNPs formed in presence of different complexing agents were performed. Analysis of several samples prepared at different
deposition stages allows us to analyze their specific properties. In the cyanide case and according to previous work, [62] when the experiment has finished, the plasmon band shows a spontaneously blue-shifting band centered on 420 nm that finally vanishes because cyanide media causes the dissolution of AgNPs. [59, 63, 64] Hence, an ex-situ characterization of the NPs is showing that most NPs generated in this area form isolated agglomerates. As was explained before, no Raman signal was observed, demonstrating that these isolated AgNPs and agglomerates, generated in presence of ethylendiamine, do not show a measureable SERS 23 response. In spite of the known excellent SERS properties of spherical AgNPs, this work shows that isolated agglomerates do not yield a detectable SERS response using the same experimental conditions for obtaining Raman spectra that the ones used in the electrosynthesis of AgNPs in presence of EDTA or cyanide. According to the results shown in this work, we confirm, using time-resolved spectroelectrochemistry, that chemical mechanism is necessary for obtaining SERS effect and only the generation of NPs is not enough to produce SERS effect.
